Abstract Responses of identified single neurons in the isolated right cerebral ganglion of Onchidium to bath applied -aminobutyric acid (GABA) and lioresal (LRS) were measured using conventional intracellular microelectrode techniques under current and voltage clamp conditions. In normal medium the neurons responded to both GABA and LRS. GABA induced two successive hyperpolarizations (phase I and II). Phase I was a short-lasting Cl-permeability increase while phase II was a long-lasting K+ permeability increase. LRS evoked only a long-lasting K+ permeability increase. In Ca2+-free high Mg2+ medium GABA produced only short-lasting hyperpolarization while LRS had no effect. GABA-induced phase I responses behaved as a simple C1 electrode following changes of external Cl-concentrations. The Hill coefficient obtained from the relation between the relative change in the GABA current and the GABA concentration was almost one during the current increase phase in Ca2+-free high Mg2+ medium. These results indicate that GABA has a direct Cl-permeability increase action on the postsynaptic cell membrane of the identified Onchidium neuron while LRS has no such direct action.
half Ca2+ and 3 times Mgt, GABA produces hyperpolarization in two phases, i. e. a short-lasting C1 permeability increase followed by a rapid desensitization and a long-lasting K+ permeability increase, while LRS elicites only a long-lasting hyperpolarization resulting from K+ permeability increase (OoMURA et al., 1979 (OoMURA et al., , 1982 . In our recent preliminary experiments, however, the Onchidium neuron perfused with sea water containing half Ca2+ and 3 times Mg2+ could still elicit IPSPs, and the presynaptic activities could be blocked only by a continuous perfusion of Ca2+-free high Mg2+ solution containing Co2+ for 20 to 30 min. The long-lasting hyperpolarization to both GABA and LRS decreased in parallel with the decrease of IPSPs amplitude in Ca2+-free high Mg2+ solution. Therefore, the aim of the present experiments is to examine quantitatively whether GABA and LRS have a direct action on postsynaptic soma membrane of the identified Onchidium neuron under current and voltage clamp conditions.
MATERIALS AND METHODS
The identified neuron in the isolated right cerebral ganglion of Onchidium was used (Fig. 1) . The experimental set up was similar to that of previous studies (OoMURA et a!., 1979) . Briefly intracellular microelectrodes were filled with 0.7 M K2SO4. Two microelectrodes were inserted into an identified single neuron, one being used to pass current and the other to record membrane potential.
The ionic composition (mM) of normal artificial sea water was the same as that in the previous report (OoMURA et al., 1979) : NaCI, 457.6; KCI, 9.6; CaCl2, 10.4; MgCl2, 48.5; pH 7.5 by Hepes-NaOH. Ca2+-free high Mg2+ sea water had the following composition (mM) : NaCI, 400; KCI, 9.6; CoC12, 10; MgC12, 100; pH 7.5. The Ca2+-free high Mg2+ test solutions containing various concentrations of C1 were made by replacing Cl-with an equimolar isethionate-in the external solution while increase of Cl-was made by adding extra NaCI to the medium.
Preparations were superfused at a rate of 2 ml/mm. The ionic currents during voltage clamp were stored on a tape recorder and plotted directly by a pen-writing recorder. GABA (Tokyo Kasei) and LRS (CibaGeigy) were dissolved in test solution just before use, and the drugs were examined by bath application. All experiments were carried out at room temperatures of 18 to 21°C.
RESULTS

Ionic mechanism
In normal artificial sea water, two different types of hyperpolarizing responses to 3 mM GABA were observed in this identified neuron ( Fig. 2A) . The present results were quite similar to those reported by OOMURA et al. (1979) . The phase I hyperpolarization was rapid, peaking at about 30 sec, and was followed by desensitization. It resulted exclusively from an increased conductance to Cl-, since the responses were sensitive to external C1 concentration and picrotoxin. The results were also the same as the results of OOMURA et al. (1982) . The GABAinduced phase II hyperpolarization increased to a maximal value in 3 to 4 min, and the increased conductance continued for an additional 10 min even after washing out GABA by normal external solution. According to OOMURA et al. (1982) , the phase II hyperpolarization results from the increased conductance to Kt On the other hand, LRS produced only a continuous tonic hyperpolarization resulting from K+ conductance increase as shown in Fig. 2B .
Involvement of Na+ in GABA-or LRS-induced potential and conductance changes was tested by replacing external NaCI with an equimolar Tris Cl. Neither of the two successive hyperpolarizations nor the conductance increases produced by GABA were diminished. LRS action was also hardly affected by the Na+-free medium. In the same cell, the substitution of isethionate-for external C1-markedly changed only the GABA-induced short-lasting hyperpolarization. The concentration changes of external K+ affected on GABA-and LRS-induced longlasting hyperpolarization. The qualitative results about the relationship between GABA response and the external K+ or Cl-concentration were already reported from our laboratory (OOMURA et al., 1982) .
When the bathing medium was exchanged from a normal medium to a Catfree high Mg2+ medium, considerable fluctuations of resting membrane potentials and bursts of action potentials were evoked and continued for at least 20 to 30 min. Thereafter, the synaptic inputs on the postsynaptic cell membrane and the spontaneous action potentials ceased, at which time current injection could elicit a full size Na-spike (Fig. 3B ). This result suggests that the electrical properties of postsynaptic membrane are intact in Ca2+-free high Mg2+ solution. In this Catfree high Mg2+ medium, GABA elicited only the phase I hyperpolarization which is sensitive to external Cl-concentrations and picrotoxin (Fig. 3A) . The GABA- produced by constant square pulses of 3 nA and 1 sec in duration given at each 10 sec intervals and the action potentials (their amplitude was distorted by pen response), respectively. Note that GABA-induced short-and long-lasting hyperpolarizations are accompanied by the increase in membrane conductance.
LRS induced only a longlasting hyperpolarization. Resting membrane potential: -40 mY. Electrotonic potentials were evoked by current pulses of 1 nA and 500 msec in duration at 5 sec intervals. B : Na-spikes in the same neuron immersed in Ca2+-free high Mg2+ medium for 6 hr. Resting membrane potential (Vr) is increased to -60 mY. 2. Dose-response relationship of GAGA in Ca2+ free high Mg2+ medium The ionic current of the identified neuron of Onchidium was evoked by adding GABA to Ca2+-free high Mg2+ external solution while the solution was flowing. The increase of ionic current depended on GABA concentrations, although the responses were followed with a more rapid desensitization at higher concentration (Fig. 4A) . The dose-response curve of GABA was sigmoidal and was almost maximal at 10 mM GABA (Fig. 4B ). It took a wash of about 30 min to completely reverse the GABA effect at such a high concentration.
According to HIGASHI and NISHI (1982) , if it is assumed that GABA combines with the receptor and that the increase of GABA-induced current is proportional to the number of receptors occupied by GABA, then n(GABA)--Receptor =± (GABA)n(Receptor)--Current increase, where n is the number of GABA molecules required to activate a receptor. At equilibrium, 
where 1 is the GABA induced current, Imax is the maximal value of a GABA induced current, a is the GABA concentration, and k is the geometric mean of the successive microscopic binding constants (ADAMS, 1975) . The curve in Fig. 4B is drawn according to Eq. 1, assuming n=1 and k= 5.7 x 10-4M. The filled circles represent the mean of 6 experiments. The theoretical curve fits the experimental results well.
3. Ionic mechanism of the GABA-induced current in Ca2+ free high Mg2+ medium The equilibrium potential for the current activated by 1 mM GABA (EGABA) was determined by evoking the GABA responses after shifting the membrane potential from holding potential (Vn) of -40 mV to various membrane potentials (Fig. 5A ). In a neuron for which the result is shown in Fig. SB , EGABA was about -60 mV . The average value of EGABA for 7 neurons was 57.2±4.8 mV (mean± S. E.). The EGABA was not affected by either substituting Tris+ for Na+ or increasing external K.+ concentration from 9.6 to 19.2 mM.
Effect of changing external Cl -concentration
Change of extracellular Cl-concentration ([Cl]o) directly affected the GABA- . Therefore, the GABA-induced current in this neuron is due to a selective increase in Cl-permeability across the cell membrane. Therefore, if it is assumed that EGABA is equal to E 1 in Catfree high Mg2+ medium, the intracellular C1 concentration is estimated to be 57 mM for this neuron.
DISCUSSION
In peripheral and central mammalian neurons, LRS is a GABA-like neuronal depressant but is inactive at the postsynaptic, bicuculline-and picrotoxin-sensitive GABA receptor (CURTIs et al., 1974; DAVIES and WATKINS, 1974; KROGSGAARD-LARSEN et al., 1977; AULT and EVANS, 1978; BOWERY et al., 1980; WADDINGTON and CROSS, 1980; Higashi, Inokuchi, and Nishi, personal communication) . It has been suggested that, the receptor for LRS action is located presynaptically (BoWERY et al., 1980) . It is well known that synaptic transmitter release is blocked by bathing in low Ca2+ and high Mg2+ medium (KATZ and MILEDI, 1965; HUBBARD et a!., 1968; LLINAS and NICHOLSON, 1975; ERULKAR et a!., 1978) . In our previous paper (OOMURA et al., 1982) , the effects of GABA and LRS on the identified Onchidium neuron were investigated in either normal artificial sea water or sea water containing half Ca2+ and 3 times Mg2t
Both solutions gave the same results, in that GABA induced two successive hyperpolarizations and LRS-induced a long-lasting hyperpolarization. Therefore, we concluded that these hyperpolarizations were elicited through direct action on the postsynaptic cell membrane. In the present experiments, however, these long-lasting hyperpolarizations were not affected by the complete removal of Na+ from normal external solution but blocked by Ca2+-free high Mg2+ solution containing Cot +. Therefore, it may be concluded that the GABA-and LRS-induced long-lasting hyperpolarizations are due to the presynaptic origin. However, we can not completely rule out the possibility that GABA and LRS can directly activate Ca2+ influx through the postsynaptic cell membrane, which would activate Cat-dependent K+ current and hyperpolarize the membrane (MEECH,1978; AKAIKE et al., 1983) . Such questions require future study. On the other hand, it seems clear that the GABA-induced early hyperpolarization is due to the selective increase of Cl-conductance in the postsynaptic membrane since the amplitude of the hyperpolarization is not different with or without Ca2+ in the external solution. When GABA or LRS was added to a Nat-and Ca2+-free medium bathing the internally perfused frog dorsal root ganglion cell, only GABA evoked a shortlasting current which was followed by desensitization. The GABA-induced current was not diminished by a successive substitution of Cs+ for K+ in either external or internal medium, but depended on the external or internal Cl-concentrations (unpublished data). The results are in agreement with NIsHI and his coworkers' reports by using microelectrode technique (1974) . It is clear from these results that GABA has a direct action on the postsynaptic soma membrane and that GABA-induced current results from the increase of Cl-permeability.
In the muscle fibers of crayfish where the desensitization of GABA-induced current is less pronounced, the Hill coefficients of 2 and 3 have been reported by TAKEUCHI and TAKEUCHI (1967) and FELTZ (1971) , respectively. In the present study, GABA-induced Icl of the Onchidium neuron gave Hill coefficient, n=1, for the dose-response curve. Such a low Hill coefficient may be explained from the rapid desensitization in this identified neuron.
